Abstract-It is shown that protons and neutrons can induce enhanced degradation in power MOSFETs, including both trench and planar geometry devices. Specifically, large shifts in currentvoltage characteristics can be observed at extremely low proton total dose levels (as low as 2 rad(SiO 2 )). These shifts can induce significant increases in device "off" state leakage current. Neutron irradiations show similar degradation at equivalent fluence levels, even though neutrons do not deposit dose due to direct ionization. These data suggest that the mechanism responsible for the enhanced degradation is a microdose effect associated with secondary particles produced through nuclear interactions between protons and neutrons and the materials in integrated circuits. The secondary particles deposit enough charge in the gate oxide to induce a parasitic drain to source leakage path in the transistor. Although the results are demonstrated here for only trench and planar geometry power MOSFETs, microdose effects can impact the radiation response of other integrated circuit types. Hardness assurances issues implications are discussed.
I. INTRODUCTION
L AST year, it was shown that heavy ions can induce large shifts in the current-voltage (IV) characteristics of trench FET commercial power MOSFETs [1] . The shifts were significantly larger than the shifts induced at the same total dose using gamma rays. The size of the shifts was found to depend on the applied gate bias during irradiation, the ion linear energy transfer (LET), and the angle of incidence of the ion relative to the transistor geometry, suggesting that the shifts were associated with a particle microdose effect. Specifically, it was suggested that the ions could deposit charge along the entire length of the channel between the source and drain, leading to the development of multiple parasitic transistor structures. A schematic illustration of this in a single cell of a trench power MOSFET is shown in Fig. 1 [1] . In trench FET technologies, the gate oxide is grown on the side of a vertical trench cut in the Si wafer and the channel of the transistor is formed vertically adjacent to the gate oxide along the edge of the trench from the source at the top of the wafer, through a lightly doped p-type body and into the drain, which is formed by an epitaxial layer near the bottom of the trench. Thus, as ions strike the device normal to the die surface and pass through the gate oxide, they deposit charge (in an amount proportional to ion LET) along the entire length of the channel. Holes that escape recombination can become trapped in the gate oxide, thereby reducing the effective threshold voltage of the channel region in the vicinity of the ion path.
By examining the illustration in Fig. 1 , it is obvious that changing the angle of incidence of the ion relative to the die surface will also have a significant impact on the amount of charge that could be deposited along the entire length of the channel. As the angle of incidence is increased from 0 degrees (normal incidence, as shown in Fig. 1 ) to 90 degrees (ion parallel to the surface of the die) a single ion will no longer deposit charge along the entire length of the transistor channel and thus, a parasitic path will not be formed (no hump in the IV characteristics will be observed). Note that this assumes the channel length of the transistor of interest is larger than the diameter of the ion 0018-9499/$25.00 © 2008 IEEE track, which for low-energy heavy ions is on the order of a few tenths of a micron [2] . As suggested in [1] , this may also explain why enhanced degradation associated with microdose effects has not been previously observed in vertical double diffused power MOSFET (VDMOSFET), which have horizontal channels. For that matter, it may also explain why microdose effects are not commonly observed in standard CMOS transistors. To see these effects, devices with channel lengths significantly larger than the diameter of ion tracks would need to be exposed to heavy ions at a grazing angle. In practice, the maximum grazing angle is typically limited to between 45 and 60 degrees. This limitation is associated with both the way devices are usually packaged and the energy of the ions available at test facilities. Most facilities used for single-event effect (SEE) testing provide ions whose energies are on the order of a few (1-10) MeV per nucleon (or equivalently, MeV/amu). Unfortunately, heavy-ion energies in the actual space environment are considerably higher, reaching hundreds of GeV/amu with a peak flux at a few hundred MeV/amu [3] . At these energies, ions can penetrate devices at any angle. The lack of accelerators capable of providing such high-energy ions raises concerns about how to determine if a device with a horizontal channel will exhibit enhanced degradation associated with microdose effects in space applications and how to quantify the amount of degradation expected. As a result, developing a new hardness assurance test methodology to help quantify these effects is critical to ensure devices operate reliably in space applications.
Based on a limited amount of data, it was demonstrated in [1] that proton irradiation could also induce large shifts in power MOSFET IV characteristics that could not be explained solely by proton direct ionization. The cause of this enhanced degradation due to proton irradiation was not fully explored. However, if the mechanism responsible for enhanced degradation during proton irradiation is similar to that associated with the heavy-ion irradiation, it may be possible to develop a hardness assurance test methodology that uses proton irradiation to determine if devices with horizontal channels are susceptible to enhanced degradation associated with either proton or ion microdose effects.
In this work, we conduct a more extensive investigation of the enhanced degradation observed in power MOSFETs caused by proton irradiation to identify the mechanisms responsible for the enhanced degradation. In addition, the radiation response of these devices exposed to neutrons is explored. The impact of the results for hardness assurance testing of MOS devices for use in space applications is discussed.
II. EXPERIMENTAL DETAILS
Both trench and planar power MOSFETs were examined in this work. Trench power MOSFETs examined in this work include the IRF3704ZCS, IRF3711ZCS, and IRF7821 manufactured by International Rectifier (IR) and the FDD068AN03L and FDD6670A manufactured by Fairchild Semiconductor. All of these devices are n-channel transistors rated to a maximum gate voltage of 20 V and a maximum drain voltage of 20 V or 30 V. These transisitors are designed using a stripe geometry, with 1300 trenches in the IR parts and 3732 trenches in the FDD068AN03L parts. Since both sides of each trench form a transistor, there are between 2600 and 7400 identical transistors wired together in parallel in these devices. The oxide thickness of the active gate region along the sidewall of the trench is 68 nm for the IRF3704ZCS and IRF3711ZCS, 59 nm for the IFR7821, and 44 nm for the FDD068AN03L devices. The trench depth is approximately 1.2 for all devices. The IRF3704ZCS and IRF3711ZCS parts were packaged in D2PAK plastic packages and the other parts were packaged in SO-8 plastic packages. Most of the data presented in this paper are for the FDD068AN03L, which is characteristic of the general response observed in the other trench power MOSFETs examined in this work.
Planar power MOSFETs examined in this work included the IRF510PBF and IRF3711PBF manufactured by International Rectifier. SEM cross section images taken on sample devices confirmed that they were manufactured using a horizontal channel geometry, as shown in Fig. 2 . In this figure, the top image shows a cross section microphotograph of the standard HEXFET/planar transistor construction of the IRF510PBF transistor and the bottom image shows a cross section microphotograph of the planar stripe transistor construction of the IRF3711PBF transistor. These devices are both n-channel devices rated to a maximum gate voltage of 20 V and a maximum drain voltage of 20 V (IRF3711PBF) or 100 V (IRF510PBF).
Proton irradiations were performed at the TRIUMF Proton Irradiation Facility [4] , [5] and at the Indiana University Cyclotron Facility (IUCF) [6] . At TRIUMF, the proton energy was varied from 20 to 498 MeV. Energies from 70 to 105 MeV and 70 MeV were obtained by degrading a 116 MeV and 70 MeV primary beam, respectively, using a variable thickness plastic plate. Protons with energies above 105 MeV were obtained by varying the primary beam energy of a second beamline capable of a maximum proton energy of 500 MeV. The proton fluence was measured using a calibrated ion chamber. At IUCF, the primary beam energy is 200 MeV. Lower energies were obtained by using beryllium degraders well upstream in the beam line. The proton fluence was measured using a calibrated secondary emission monitor. The absolute dosimetry provided by these facilities for fluence and dose is expect to be within about 10%.
Neutron irradiations were performed using the WNR continuous spectrum neutron source at Los Alamos National Laboratory [7] and at the TRIUMF Neutron Irradiation Facility [5] . The WNR facility provides a neutron spectrum that mimics the energy distribution of terrestrial neutrons, but at several orders of magnitude higher flux. At TRIUMF, the neutron beam characteristics are similar to those available at WNR, with a slightly lower maximum neutron energy ( 500 MeV at TRIUMF compared to 800 MeV at WNR). However, the TRIUMF neutron beam also contains thermal neutrons that can be moderated by covering the devices with a sheet of cadmium. The absolute dosimetry provided by these facilities for 10 MeV fluence is expect to be within about 20%.
Before and after irradiation, IV characteristics of the devices were measured using either an Agilent 4145 or 4156 semiconductor parameter analyzer with the drain biased at 10 V while the gate voltage was swept. Radiation-induced changes in the drain and gate current were monitored. No changes in the gate current with proton or neutron irradiation were observed for any device examined in this work. Because the Agilent analyzers have a maximum current capability of 0.1 A (much lower than the continuous tens of ampere current capacity of power MOSFETs), the maximum voltage during the IV characterization was limited. However, because the enhanced degradation observed in these devices is easily observable by examining only the subthreshold of the IV characteristics, this limitation has no impact on the conclusions of this work, consistent with previous work [1] . For analysis purposes and comparison to previous work [1] , we define a subthreshold voltage as the gate voltage for which the drain current is equal to 1 . The threshold voltages for these devices, according to the manufacturers, are defined to be the gate voltages for drain currents in the range of 200 to 300 , depending on which specific devices is considered. While defining the threshold voltage for the devices at a drain current great than 1 will affect the magnitude of the threshold voltage shift, it will not affect the conclusions of this work. During irradiation a voltage was applied to the gate while the source, drain, and substrate were grounded.
III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Proton Results-Trench Power MOSFETs
We start by examining the typical IV characteristics observed for an n-channel trench power MOSFET exposed to protons, as shown in Fig. 3(a) . In this case, the IV characteristics are for a FDD068AN03L transistors irradiated with 35.4 MeV protons with 15 V applied to the gate during the irradiations and all other pins grounded. The proton fluence was increased in steps from to . In general, changes in the IV characteristic begin as a small hump in the subthreshold voltage region that increases in size with increasing fluence. While the hump in the IV curve does not always shift more negatively with increasing proton fluence (e.g. no significant change in is observed for fluences between and ), the drive current associated with the hump does continue to increase with fluence. This is clearly shown in Fig. 3(b) . In this figure, the change in at is plotted as a function of proton fluence. Here, increases from 63 nA to more than 0.2 mA as the fluence is increased from to . These changes in the IV characteristics with increasing proton fluence are similar to those previously observed for trench power MOSFETs exposed to heavy ions [1] that could not be attributed to direct ionization effects.
By comparing the results of Fig. 3 to a typical IV characteristic observed for the same n-channel power MOSFET exposed to gamma rays, it is difficult to see how the radiation induced humps in the IV curves observed during proton irradiation could be caused by proton direct ionization. Fig. 4 shows a series of subthreshold IV curves for a FDD068AN03L transistor irradiated with gamma rays at a dose rate of 103
. The transistor was irradiated in steps to a total dose of 50
with 15 V applied to the gate and all other pins grounded. Unlike the proton irradiation, the irradiation did not induce any humps in the IV curves. Instead, a nearly parallel shift in the IV curves is observed, suggesting that most of the shift in the IV curves is due to oxide-trapped charge buildup. It is important to note that for 35.4 MeV protons, a fluence of (the maximum fluence in Fig. 3 ) is equivalent to a total dose of just . Thus, if proton direct ionization were responsible for the shift in the IV curves shown in Fig. 3 , the proton irradiation should have induced a shift that was less than the shift induced by 1 of gamma rays. In Fig. 3(a) , the only part of the IV curves to have a shift of this magnitude is at currents above 1 mA [circled region in Fig. 3(a) ]. These data clearly demonstrate that while it is common practice to use gamma rays to simulate radiation induced degradation in integrated circuits induced by protons [8] , [9] , this method will not work for these power MOSFETs.
The radiation response of FDD068AN03L devices exposed to protons with energies from 20 to 498 MeV is shown in Fig. 5 . At least two devices were irradiated at each proton energy examined. Devices were irradiated with a gate bias of 15 V and all other pins were grounded. In Fig. 5 , is plotted as a function of proton fluence. The fluence was increased in steps to . While there is a large scatter in the data from part-to-part (the cause for this will be discussed below), the general trend shows a monotonic increase in the magnitude of the voltage shift with increasing proton fluence. For some of the devices, a magnitude of of 1 V is observed at fluences as low as and increases to 6.8 V at a fluence of . To within the part-to-part variation, these results indicate there is no significant dependence on proton energy. This is more noticeable by looking at changes in the drain-tosource leakage current when the transistor is biased in the off condition , as illustrated in Fig. 6 . Changes in "off" state leakage current are often important to system designers. Note that, as shown in Fig. 3 , radiation induced humps in the IV characteristics that can occur at extremely low fluence levels and cause changes in , may not always impact the "off" state leakage current. For all devices examined, the preirradiation at was less than 1 nA. The trend in shown in Fig. 6 (a) with increasing fluence is similar to that observed for . Increases in leakage current to a few microamps are observed at the lowest fluence levels and the leakage current increases rapidly as proton fluence is increased. For this device, there is 6 mA of leakage current after irradiating to . Note that for 498 MeV protons this is equivalent to a total dose of 21.5 .
The lowest fluence at which an increase in (or ) was first observed in some transistors corresponds to extremely low total dose levels, as shown in Fig. 6(b) . For example, for one of the FDD068AN03L devices irradiated with 35.4 MeV protons, the first increase in occurred at a fluence of , corresponding to a total dose of . As discussed above, this increase in leakage current occurred at a much lower total dose level than expected based on gamma ray data. As shown in Fig. 4 , no significant change in "off" state leakage current was observed for FDD068AN03L devices irradiated with gamma rays under the same conditions until the devices were irradiated to a total dose of , at which point 100 nA of drain leakage current was observed. In addition, for 35.4 MeV protons at a fluence of , was a whopping 1.4 V. The maximum shift in threshold voltage from proton direct ionization assuming 100% charge trapping can be calculated from [10] , (1) where is the hole yield as a function of the oxide electric field, D is the dose, and is the oxide thickness (in units of nm). For the FDD068AN03L, which has a 44 nm gate oxide and assuming a charge yield of 1 (worst case), the maximum threshold voltage shift due to proton direct ionization at 2 is . This is clearly much smaller than the experimentally observed shift in . Hence, the observed shifts in (and ) cannot be explained in terms of direct ionization by the protons.
Instead, it is likely these shifts are associated with microdose effects caused by the ionization of secondary particles created by proton and device material interactions. As a high-energy proton (or neutron) enters the semiconductor lattice it may undergo an inelastic collision with a target nucleus. This may result in the emission of alpha or gamma particles and the recoil of a daughter nucleus (e.g., Si emits an -particle and a recoiling Mg nucleus), or a spallation reaction, in which the target nucleus is broken into two fragments (e.g., Si breaks into C and O ions), each of which can recoil. Any of these reaction products can now deposit energy along their paths by direct ionization. Approximately one proton in will have such a nuclear reaction in a typical 4 silicon device [11] . These secondary particles can have higher LETs and thus deposit more charge than the incident protons. The lack of a significant energy dependence on proton energy in Figs. 5 and 6 suggests that these effects are not dominated by secondary particles created by proton interaction with high-Z materials but rather more common alpha particle or silicon recoil reactions. The cross section for proton nuclear interactions with silicon saturates at approximately 50 MeV. Hence, except for the possibly the 20 and 35.4 MeV proton irradiations, we do not expect significant differences in the properties of the secondary particles for the different proton energies. This is consistent with the data of Figs. 5 and 6 and the data of [1] . For example, in [1] a of 7 V was measured after irradiating devices with Ne ions to a fluence of . An LET of 1.8 is close to the upper bound expected for alpha particles created by proton/Si interactions. Assuming it takes protons to create one secondary alpha particle, a fluence of is roughly equivalent to a fluence of . As discussed above, 6.8 V was indeed the that was measured after irradiating to a fluence of . Moreover, based on the active surface area of the gate, we calculate that, on average, a fluence of is required to create one secondary particle that would strike the active gate region. To within experimental uncertainty, this is the approximate fluence at which a shift in the IV characteristics was first observed in proton irradiations (see Figs. 5 and 6) .
The large part-to-part variation observed for the proton irradiated devices is also consistent with microdose effects causing enhanced degradation in these devices. Clearly the microdose process is statisitical in nature as discussed above. The large part-to-part variation is likely due to the statistical variation in the LETs of the secondary particles, physical location where they are created, the changes that the secondary particles will strike the gate region, and the trajectory through the oxide that the particle travels and deposits charge. In addition to the statistics geometrically, the statistics of the proton reactions could also be important. It could indeed be a very rare event that the right reaction occurs and the reaction product hits a very sensitive location.
While the FDD068AN03L data presented up to this point are characteristic of the general trends observed in all of the trench power MOSFETs examined in this work, the actual amount of enhanced degradation induced by proton irradiation depends on the design and processing steps used to manufacture the transistors. A plot of the average versus fluence for all trench FET power MOSFETs examined in this work is shown in Fig. 7 . The transistors were irradiated using protons with an energy of 105 MeV at a gate bias of 15 V while all other pins were grounded. At a fluence of protons/cm , ranges from as low as 0.4 V for the IRF3704ZCS to 2.7 V for the FDD068AN03L. Thus, there is difference in the amount of degradation observed in trench power MOSFETs examined in this work. Assuming that microdose effects in the gate oxides are responsible for radiation induced changes in observed in these transistors, this variation from transistor type to transistor type is most likely related to differences in the radiation induced charge buildup in the gate oxide. The amount of charge buildup in oxides is a strong function of the oxide thickness [12] , [13] , the quality of the oxide [12] , [14] , [15] , and the electric field across the oxide during irradiation [10] , [15] , [16] .
Next, the impact of the angle of incidence of the protons with respect to the die surface is explored. Recall that in [1] , it was shown that the changes in for trench FETs were significantly reduced as the angle of incidence of heavy ions was increased from 0 to 60 degrees (see Fig. 8 in [1] ). This is consistent with the fact that as the angle of incidence is increased, the heavy ions may no longer pass through the entire length of the gate oxide from source to drain and thus, charge will not be deposited along the entire length of the transistor channel. Because secondary particles produced by elastic and non-elastic proton-material nuclear interactions can be emitted in all directions [17] , [18] , one would not expect to see the same angular dependence as observed for the heavy ion irradiations. This is indeed the case as illustrated in Fig. 8 . Fig. 8 is a plot of radiation induced changes in "off" state drain leakage current versus total dose for FDD068AN03L transistors irradiated with 198 MeV protons at angles of incidence of 0 (normal to die surface), 45, 90, and 180 degrees. During irradiation, the transistor was biased with 15 V on the gate and all other pins were grounded. While the data suggest that for total dose levels below (fluence of protons/cm ) there might be some angular dependence, the large part-to-part variation makes it difficult to be certain. However, at higher total dose levels it is readily apparent that there is no angular dependence. This lack of an angular dependence is actually good news. It opens a window of opportunity to develop a test procedure based on proton irradiation that could be used to evaluate if a part is susceptible to enhanced degradation associated with microdose effects caused by ionization of secondary particles or ionization of heavy ions, independent of the transistor channel geometry (vertical or horizontal). This is actually demonstrated in the following section where we use proton irradiations to show for the first time that planar geometry power MOSFETs are also susceptible to enhanced degradation associated with microdose effects.
B. Proton Results-Planar Power MOSFETs
Proton irradiations are used to determine if planar geometry power MOSFETs (devices with horizontal channel geometry) are susceptible to microdose effects as shown for trench power MOSFETs discussed above. The two planar geometry power MOSFETs examined here include the RF510PBF and IRF3711PBF. The RF510PBF and IRF3711PBF devices were irradiated with 70 MeV protons to a fluence of and , respectively (the only fluence levels examined for these devices). The devices were irradiated with 15 V applied to the gate pin with all other pins grounded. The radiation results for both devices clearly demonstrate that protons can induce enhanced degradation in power MOSFETs with horizontal geometries. Pre and post irradiation IV curves for the IRF3711PBF device are shown in Fig. 9 . These IV characteristics are representative of those observed for the IRF510PBF. As was the case for the trench power MOSFETs (see Fig. 3 ), proton irradiation induced a large hump in the IV curve that results in an increase in the device's "off" state leakage current. The "off" state leakage current for the RF510PBF and IRF3711PBF devices increased from less than 1 nA pre irradiation to 4.7 and , respectively post irradiation. These results clearly show that planar geometry power MOSFETs are susceptible to microdose effects. In the future, we plan to irradiate these planar geometry power MOSFETs using heavy ions to determine if we can induce enhanced degradation at high angles of incidence. Unfortunately, this will only be possible if the devices can be irradiated at a high enough angle for the ion to travel and deposit charge along the entire length of the channel from source to drain. In any case, the data demonstrate that proton (or neutron, discussed in next section) irradiations can be used to evaluate if a part is susceptible to enhanced degradation associated with microdose effects and that these effects are not limited to trench FET power MOSFETs.
C. Neutron Results-Trench Power MOSFETs
The radiation response of the FDD068AN03L transistors exposed neutrons was similar to the radiation response of devices exposed to protons. This is illustrated in Fig. 10 . In this figure, [5] , there is a good correlation between the neutron data taken at TRIUMF and WNR. The flux at TRIUMF is higher than at WNR. This enabled us to examine the response of the transistors at much higher fluence levels at TRIUMF. Because the TRIUMF neutron beam also contains thermal neutrons, a sheet of cadmium was placed in front of the transistors during irradiation at TRIUMF. The sheet of cadmium effectively eliminates all thermal neutrons in the neutron beam. Note that a few transistors were irradiated without the sheet of cadmium and the results were essentially identical to the data shown in Fig. 10 (data not shown) , indicating that these devices are not sensitive to thermal neutrons. To within experimental uncertainty, there is no difference between the radiation response of the FDD068AN03L transistors induced by protons or neutrons for the fluences examined. This is not unexpected given the similarity between proton and neutron reaction cross sections for particle energies greater than 50 MeV [19] . However, the neutron data provide strong support to the argument that observed changes in the IV characteristics are due to ionization by secondary particles. Neutrons do not lose energy by direct ionization as do protons. The only reasonable mechanism by which neutrons can cause total dose effects is therefore by ionization from secondary particles generated by nuclear interactions.
As further evidence that the enhanced degradation observed in these trench power MOSFETs is caused by total dose degradation induced by secondary particles, the radiation damage induced by neutrons in these devices was also found to be dependent on the gate bias applied during irradiation, as previously observed for heavy ions [1] . Fig. 11 is a plot of the normalized of FDD068AN03L transistors versus gate bias for transistors irradiated with neutrons or Ne ions with an LET of 1.8
. The heavy ion data was taken from Fig. 5 of [1] . All of the heavy ion data were obtained by irradiating transistors to a fluence of . The neutron Fig. 11 show good agreement between the normalized data for heavy ions and neutrons. The general shape of the normalized data with increasing positive and negative gate bias is in good agreement with what has been observed in the literature for oxide trap charge buildup in MOS oxides exposed to x-rays and gamma rays [16] , [20] . There is an increase in as the gate bias is increased in absolute magnitude from 0 to 15 V. At a gate voltage of 15 V it appears that may have reached a maximum value, which would be consistent with the expected reduction in the effective hole-trapping cross-section with increasing electric field across the oxide [21] - [23] . However, additional work at higher gate voltages is required to confirm if this is the case. The decrease in as the voltage is decreased in absolute magnitude to 0 V is consistent with increased electron-hole recombination [10] , [16] , [21] , [22] , [24] . As the electric field across an oxide decreases, fewer holes deposited by the secondary ions will escape electron-hole recombination, resulting in fewer holes trapped at the surface. As a final note, neutron data were also taken as a function of angle of incidence (data not shown) and, consistent with the proton data shown in Fig. 8 , no significant angular dependence was found.
The proton and neutron data presented above clearly show that the enhanced degradation observed in power MOSFETs is not caused by direct ionization from the incident particle. Instead, the data strongly suggest that the mechanism responsible for the enhanced degradation in power MOSFETs is a microdose effect associated with secondary particles produced through nuclear interactions between protons and neutrons and the materials in integrated circuits. In the following section, the hardness assurance implications of these results are discussed.
D. Hardness Assurance Implications
Test guidelines have been developed for total dose hardness assurance qualification (e.g., MIL-STD-883, Method 1019). These guidelines depend on laboratory tests that do not always match the exact conditions of the use environment because of time, cost, and facility limitations. For example, TM1019 specifies the use of gamma ray sources for total dose testing. However, based on the results discussed above, performing total dose qualification testing of power MOSFET devices using gamma ray sources does not reproduce the mechanisms for device degradation caused by protons (or heavy ions). Thus, if trench FET power MOSFETS are going to be used in proton-rich space environments, gamma ray testing of the devices could significantly underestimate the radiation-induced degradation, leading to unexpected failures in space environments, especially in proton-rich space environments. Of course, the amount of radiation-induced degradation (either radiation-induced changes in leakage current in the "off" condition or threshold voltage) that is acceptable for a give system application is application specific. In some systems, large increases in "off" state leakage currents might be tolerable; however, there are other systems where small increases in "off" state leakage currents of just a few microamps are unacceptable.
While we have limited our discussion to the response of trench FET power MOSFETs so far, it is possible that similar effects could happen in other technologies. Microdose effects have been observed in many different device types [25] - [27] . As an example, it has been suggested that stuck bits observed in SDRAMs could be caused by microdose effects [25] , [27] . Others have suggested that in addition to microdose effects, bulk defects caused by proton and ion induced displacement damage can lead to significant changes in the refresh rates in SDRAMs [27] , [28] . We have also taken data on SDRAMs using both protons and neutrons (not included here) that show changes in refresh rates similar to those observed by Shindou [28] . Whether these changes are associated with microdose effects or bulk defects is irrelevant when considering the total dose hardness assurance implications. For either mechanism, qualification testing performed using gamma rays will not reproduce the device degradation that will be observed in space environments.
These data strongly suggest that if devices are going to be used in proton-rich environments, total dose qualification testing must be done using proton radiation sources as well as using TM1019. The TM1019 qualification still needs to be performed to address annealing effects and dose rate issues (e.g., ELDRS). In addition, it is much cheaper to screen devices for total dose degradation using gamma rays than it is to use protons. These results will also provide a baseline for how much total dose degradation will be induced by direct ionization of the protons. If additional degradation in excess of that expected based gamma rays results is observed during the proton testing, it may indicate that there are microdose effects that impact the device response. However, as the proton fluence in increased, eventually direct ionization effects will dominate over indirect ionization effects. For example, the data of Fig. 4 suggest radiation induced degradation associated with direct ionization will begin to impact the "off" state leakage currents of the FDD068AN03L transistors at total dose levels . At 50 , the "off" state leakage current caused by direct ionization has increased to 32 mA, which appears to be greater than the "off" state leakage current that would be caused by indirect ionization (see Fig. 6 ).
For proton (or neutron) qualification testing, devices should be irradiated to the maximum fluence expected for the system. As indicated by the data in Fig. 11 , the applied gate bias during irradiation has a significant impact on the amount of radiationinduced degradation; thus, the bias condition during irradiation should be selected to either maximize microdose effects (note that characterization testing at different gate biases will be required to identify this bias condition) or be representative of the bias condition used in the actual system application. Selecting a bias condition based on actual system use might be extremely important to ensure that this test is not overly conservative for applications that require extensive derating of the bias conditions. It appears that proton energy and angle of incidence do not significantly impact microdose effects in the devices tested here. However, the proton energy must be large enough to ensure that the protons can penetrate the package material and reach the die surface.
Because annealing effects are also important when considering the impact of microdose effects on the device performance, it is a good idea to anneal the device using the same bias conditions with time to understand the annealing properties of these effects. Recall that TM1019 does allow one to perform extended room temperature anneals for devices with parametric failures to better estimate the performance of devices at low dose rates [29] , [30] . In the case of proton (or neutron) qualification testing, the degradation associated with microdose effects are additive with time. In other words, as proton (or neutron) fluence increases the degradation caused by microdose effects increases. Of course, the flux used during qualification testing is significantly larger than the flux that parts will be exposed to in most applications and thus, the amount of degradation observed after laboratory proton (or neutron) testing could be worse than that observed in the application at the same fluence level because of annealing effects associated with the microdose effects. To understand the true impact of microdose effects in a space application and to ensure that devices are not rejected because this test could be overly conservative, it is recommended that the microdose post irradiation annealing response also be investigated.
It is important to remember that the majority of the secondary particles generated by nuclear interactions between protons and neutrons and the materials in integrated circuits have low LETs (less than a few ) and thus, the observed degradation caused by proton and neutron irradiations could be much lower than would be observed in an actual space application where ions with much higher LETs are present. In any case, it is possible to use either protons or neutrons at any angle (not possible when testing at most heavy ion facilities) to determine if a part is susceptible to enhanced degradation associated with microdose effects. If it is, one can try to perform heavy ion testing to quantify the magnitude of degradation that could be observed (this will be difficult if not impossible for devices with horizontal transistors) or one must develop de-rating methods for parts susceptible to microdose effects that will be incorporated in systems that are exposed to heavy ions.
IV. SUMMARY
It was shown that both protons and neutrons can induce enhanced degradation in power MOSFETs. This enhanced degradation can occur at extremely low fluence (total dose) levels, and was observed in both trench and planar geometry MOSFETs. Specifically, large shifts in current-voltage characteristics were observed at extremely low proton total dose levels. These shifts can induce significant increases in device "off" state leakage current. For some devices, the increase in leakage current can be more than three orders of magnitude at total dose levels as low as . In addition, this increase in leakage current occurs at a much lower total dose level than expected based on gamma ray data. This work suggests that the secondary ions induced by nuclear interactions between protons and neutrons and the materials in integrated circuits can induce significant microdose effects in commercial power MOSFETs. Essentially, the secondary particles deposit charge in the gate oxide of the transistors. If the path of the particles extends the entire length of the gate oxide from the source to drain region, the charge deposited by the particle can induce a parasitic leakage path under the gate oxide that will conduct current at applied gate voltages below that voltage required to turn on the main channel of the transistor (e.g. an increase in the "off" state leakage current can be observed). The amount of radiation induced degradation was shown to be dependent on the gate bias during irradiation and it appears that proton energy and angle of incidence of the protons (or neutrons) do not significantly impact microdose effects in the power MOSFETs tested here. Although the results are demonstrated here for only trench and planar geometry power MOSFETs, microdose effects can impact the radiation response of other integrated circuit types.
The impact of these results on hardness assurance qualification testing were discussed. It is recommended that total dose qualification of devices (not limited to power MOSFETs) that are going to be used in a proton-rich space environment be performed using both TM1019 and testing at a proton facility, unless it is has been shown or it is known that microdose effects are not any issue for a specific device type. As is always the case for radiation-induced parametric degradation in devices, the amount of degradation that is acceptable will be application dependent. In addition, proton or neutron irradiations can be used to determine if a part type is susceptible to enhanced degradation associated with microdose effects, independent of the transistor channel geometry (vertical or horizontal). It is important to remember that microdose effects that cause the enhanced degradation are statisitical in nature and thus, it is likely that the proton (or neutron) testing will induce large part-to-part variation in the enhanced radiation degradation. The amount of variation observed will depend on the statistical variation in the LETs of the secondary particles, physical location where they are created, the chances that the secondary particles will strike the gate region, and the trajectory through the oxide that the particle travels and deposits charge.
